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Hydrozoan larvae normally metamorphose in response to an obligate external environmental cue. Application of certain
arti®cial chemical stimuli will also induce metamorphosis. These chemicals and their inhibitors have been used to de®ne
and order some of the signal transduction events involved in this process. Results from this study show that exogenous
application of serotonin (5-HT) will induce metamorphosis and that 5-HT immunoreactive cells are present in larvae when
they are competent to metamorphose. The 5-HT inhibitors ketanserin, clozapine, and 5,7-DHT prevent metamorphosis
from occurring as a response to a natural inducing stimulus. Additionally, 5-HT signaling occurs prior to both an in¯ux
of external Ca2/ from seawater and activation of protein kinase C, two other steps in the metamorphic signal transduction
pathway. The neuropeptide LWamide, previously shown to induce metamorphosis in a related hydrozoan, Hydractinia
echinata, also induced metamorphosis in Phialidium. When larvae were cotreated with LWamide and the 5-HT antagonist
ketanserin, settlement occurred but was not followed by polyp morphogenesis. These results are used to present a model
for the action of 5-HT during metamorphosis in Phialidium gregarium. q 1997 Academic Press
INTRODUCTION in Fig. 2 (see also Thomas and Edwards, 1991). A population
of ectodermal cells present only at the anterior of the plan-
ula respond to the external cue (Schwoerer-BoÈhning et al.,Metamorphosis is the process by which a larva that lives
1990; Freeman and Ridgway, 1987) and cause the spread ofin one ecological context is transformed into an adult that
an intercellular signal(s) to the rest of the larval cells tolives in another. This mode of development occurs in many
elicit the metamorphic response. Schwoerer-BoÈhning et al.hydrozoans and involves the transformation of a motile
(1990) showed that when Hydractinia larvae were tran-planula larva into a sessile polyp. To initiate the events of
sected into anterior and posterior halves, only the anteriormetamorphosis, the planula must contact an appropriate
fragments responded to the natural inducing stimulus. Fur-external cue. For one species of hydrozoan, Hydractinia
thermore, when anterior halves that had been exposed to aechinata, this is a product of bacteria of the genus Alteromo-
metamorphic stimulus were grafted to untreated posteriornas (MuÈ ller, 1969, 1973; Wittmann, 1977; Leitz and Wagner,
halves, the posterior halves metamorphosed. Freeman and1993). Planulae of the hydrozoan Phialidium gregarium
Ridgway (1987) have created endoderm-free planulae. These(Freeman, 1981a,b) will not metamorphose in sterile seawa-
were still able to respond to an inducing substance, sug-ter but can do so when placed in normal seawater, sug-
gesting that ectodermal cells are suf®cient to receive thegesting that bacterial induction of metamorphosis may be
metamorphic stimulus.involved in this species. The events associated with hydro-
The internal signal transduction pathway that leads to azoan metamorphosis are outlined in Fig. 1. This process
differential internal response from an external cue has onlyinvolves respeci®cation and differentiation of larval cells;
partially been de®ned. To identify the sequence of eventscells at the anterior of the larva form the base and stolons
that leads to the metamorphic response, it will be necessaryof the polyp while posterior cells give rise to tentacles and
to determine the signals that occur between cells, the cellmouth structures (Tessier, 1931; Freeman, 1981b).
types that receive signals, and the second messenger path-Ectodermal cell types present in the planula are shown
ways that lead to differential intracellular responses. While
it is known that the external stimulus acts only on the
anterior of the larva, the initial internal signal transduction1 Current address: Department of Biology, 208 Mueller Lab, Penn
State University, University Park, PA 16802. events have not yet been characterized. However, arti®cial
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increased the frequency of metamorphosis when it was
combined with other inducers. Inhibition of 5-HT synthesis
reduced the ability of planulae to metamorphose, while
treatment with 5-hydroxytryptophan, the immediate pre-
cursor to 5-HT, rescued metamorphic competence (Walther
et al., 1996). These observations suggest that neurotrans-
mitter signaling, particularly that of 5-HT, may be an inte-
gral step in the signal transduction pathway that occurs
during hydrozoan metamorphosis. Few efforts have been
made to determine if the presence of neurotransmitters is
related to their ability to induce metamorphosis or if neuro-
transmitters act via the same cascade of signals shown to
be involved in the initiation of metamorphosis. It is also
not known if the effect of neurotransmitters is local, acting
on the anterior of the larva only, or if they act globally to
effect metamorphosis in both the anterior and the posterior
regions. Recently, an endogenous family of neuropeptides,
LWamides, has been identi®ed in cnidarians that will in-
duce metamorphosis (Leitz et al., 1994; Leitz and Lay, 1995;
Leviev and Grimmelikhuijzen, 1995; Gajewski et al., 1996).FIG. 1. Upon contact with an external cue on a substrate (shaded;
Pulse treatment with 5-HT, dopamine, and norepineph-a), the anterior (A) end of the planula adheres to the substrate (b)
rine induced planulae of Phialidium to settle and metamor-and the larva contracts along its anteroposterior axis into a disk
phose in the absence of the natural inducing stimulus. This(c). Subsequent morphogenetic movements result in formation of
paper investigates the role of 5-HT in the signal transduc-a stalk (d) and a feeding polyp (e). Ectoderm (Ec), endoderm (En),
oral (Or), aboral (Ab), posterior (P). tion cascade during metamorphosis in P. gregarium.
MATERIALS AND METHODS
Animalsinducers of metamorphosis that may mimic these events
have been identi®ed for several hydrozoans. For example, Medusae were collected at the Friday Harbor Laboratories (WA).
They are common at this site from April through August. Gametesvarious ions such as Cs/ and K/ comprise one class of in-
ducers; they induce depolarization of the cell membrane
(MuÈ ller and Buchal, 1973; Freeman, 1981a; Archer and
Thomas, 1984) to facilitate the opening of voltage-depen-
dent Ca2/ channels. Freeman and Ridgway (1987, 1990) have
demonstrated an in¯ux of Ca2/ ions from seawater, via volt-
age-dependent Ca2/ channels, at the onset of metamorpho-
sis in larvae of Mitrocomella and Phialidium. When Ca2/
channels are blocked or larvae are placed in Ca2/-free seawa-
ter, metamorphosis is inhibited, suggesting that the in¯ux
of Ca2/ is a necessary step in the metamorphic pathway.
Protein kinase C (PKC) activation is also involved in hy-
drozoan metamorphosis. Arti®cial activation of PKC with
synthetic diacylglycerols and tumor-promoting phorbol es-
ters has been shown to induce metamorphosis in several
hydrozoans (MuÈ ller, 1985; Leitz and MuÈ ller, 1987; Leitz and
Klingmann, 1990; Freeman and Ridgway, 1990; Thomas et
al., 1997). Inhibitors of PKC have also been shown to block
metamorphosis (Freeman and Ridgway, 1990; Leitz and
FIG. 2. (A) Organization of the planula larva. Epithelial ectodermKlingmann, 1990).
(Ec) surrounds an inner layer of endoderm (En). These are separatedNeurotransmitters may also play a role in cell signaling
from one another by an extracellular matrix, the mesoglea (M). Theduring metamorphosis. Edwards et al. (1987) reported that
larval nervous system consists of neurosensory cells (Ns), locateddopamine, norepinephrine, and the dopamine precursor L-
primarily in the anterior of the ectoderm, and an underlying net-
DOPA induced metamorphosis in Halocordyle and Kolberg work of ganglion cells (Gn). Ganglion cells contact one another to
and Martin (1988) reported the presence of catecholamines form a net on the surface of the mesoglea. (B) Cell types within
in planulae of that species. More recently, Walther et al. the ectoderm. Epitheliomuscular cells (Em) are the most common
(1996) demonstrated 5-HT immunoreactivity in planulae cell type. Nematocytes (Nm), secretory gland cells (Gl), sensory
(Ns), and ganglion cells (Gn) are less abundant.of Hydractinia and also showed that treatment with 5-HT
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were obtained by placing a single female medusa in a small custard
dish with one or two males on a seawater table overnight in the
dark at ambient seawater temperature (ca. 127C). Spawning and
fertilization occurred overnight. Early cleavage stage to blastula
stage embryos were transferred by mouth pipet into ®ltered seawa-
ter the following morning. The embryos were then washed two
times into 0.45 mm Millipore ®ltered pasteurized seawater (PSW).
PSW was made by heating ®ltered seawater to 80±907C for 15 min,
then cooling it to ambient seawater temperature prior to use. PSW
used to maintain larval cultures contained 100 units/ml streptomy-
cin sulfate (PSW/Strep). Cohorts from individual females were
reared together to the planula stage in ca. 3 ml PSW in 35 1 10-
mm sterile plastic petri dishes at 12±137C. Embryos and larvae
were washed into fresh PSW/Strep daily until use. A cohort usually
contained 50±100 eggs, though spawning of up to 300 eggs was
observed infrequently. Unless indicated otherwise, individual ex-
periments included planulae from a single spawning event. This
was to control for differences in the metamorphic competence of
different batches of larvae.
Immunohistochemistry
Procedures of Hay-Schmidt (1990) were adapted for immunola-
beling of planulae. Three-day-old larvae ®xed overnight in 4% para-
formaldehyde in Millonig's phosphate buffer (pH 7.4) were rinsed
into PO4 buffer 4 1 15 min and held in buffer until use. Larvae
were transferred to PTA (PBS, pH 7.4, 0.1% Triton X-100, 0.1%
sodium azide) for 30 min, held for 12 hr in PTA containing 3%
heat-inactivated (587C for 40 min) goat serum (3% GS-PTA) at 57C FIG. 3. (a) Polyp formed 3 days after 3 hr induction with 5 mM
to block nonspeci®c binding sites followed by incubation in rabbit 5-HT; (b) polyp formed 3 days after induction on a bio®lmed glass
anti-5-HT (Incstar; 1/500 in 3% GS-PTA) for 24 hr at 57C, and coverslip; (c) settled planula 24 hr after induction on a bio®lmed
then washed four times in PTA over 12 hr at 57C. Goat anti-rabbit coverslip in 10 mM clozapine; (d) polyp developing 24 hr after induc-
immunoglobulin conjugated to ¯uorescein isothiocyanate (GaRIg- tion on a bio®lmed glass coverslip. Bars  100 mm.
FITC; Sigma) was diluted 1/100 in 3% GS-PTA. Larvae were incu-
bated in GaRIg-FITC for 12 hr at 57C and then washed four times
over 12 hr in PBS and mounted for viewing in 1:9 Tris (pH 7)
glycerol solution in 4% n-propyl gallate to decrease photobleach- 3 hr. After pulse treatment, planulae were washed in PSW two
ing. Control larvae were processed as described above, omitting the times to remove the treatment solution, held in a 137C incubator,
primary antibody incubation period. Larvae were viewed on a Ni- and scored for metamorphosis after 24 hr. Planulae were considered
kon Optiphot II microscope equipped for epi¯uorescence micros- to have metamorphosed only if they had attached to the dish and
copy with a Chroma 31001 FITC ®lter set or were viewed on a Bio- had begun to form a hydranth (Fig. 3). Planulae that had attached
Rad MRC 600 confocal microscope equipped for FITC ¯uorescence to the dish before the end of the treatment period were washed by
imaging. removing the test solution which was replaced with either two or
three changes of fresh PSW. These planulae were placed in a 12±
137C incubator for subsequent observation. Each experiment also
Induction of Metamorphosis included a dish of planulae from the same cohort maintained in
PSW for the duration of the experiment. These were used for com-Three-day-old planulae were induced to metamorphose by treat-
parison in statistical analyses (see below).ment with a natural inducing substrate or with chemical effectors.
Freeman (1981b) has shown that an inducing stimulus is more
effective on day 3 or 4 of development than on day 1 or 2. The Chemical Treatments
natural stimulus was obtained by placing 22 1 22-mm No. 1 glass
coverslips in a coverslip holder on a running seawater table for 6 Neurotransmitters. Neurotransmitters were dissolved as 10
mM stock solutions in PSW and then diluted with PSW to ®naldays. After this time, a thin bio®lm had formed on the surface of the
coverslips to which planulae attached and metamorphosed upon concentrations as indicated in Table 1. Dopamine, norepinephrine,
L-DOPA, octopamine, acetylcholine, GABA, and tyrosine were ob-contact. To induce metamorphosis, a bio®lmed coverslip was
placed in the bottom of a 35 1 10-mm plastic petri dish containing tained from Sigma (St. Louis, MO). Serotonin was obtained from
Sigma or from Research Biochemicals Inc. (RBI, Natick, MA).either 10 or 20 larvae in 3 ml PSW.
Chemical effectors used to induce metamorphosis were made Serotonergic antagonists. 5,7-dihydroxytryptamine (5,7-DHT),
normethylclozapine (clozapine), and methysergide (RBI) were dis-into stock solutions and diluted serially in seawater to obtain the
desired ®nal concentration (see below). Larvae were incubated with solved in dimethyl sulfoxide (DMSO) to yield 10 mM stock solu-
tions that were then diluted to a ®nal concentration with PSW.the appropriate effector concentration for a period of time, usually
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8698 / 6x2e$$$$81 09-22-97 10:43:23 dba
232 David W. McCauley
Negative controls for each experiment included a dish of larvae in Anterior and Posterior Fragments
the highest ®nal concentration of DMSO in PSW. Ten millimolar
Anterior and posterior fragments of 3-day planulae were madestock solutions of ketanserin, metoclopramide, and methiothepin
by bisecting planulae through the anteroposterior axis at approxi-(RBI) were made in PSW and diluted to ®nal working concentra-
mately 50% planula length. Planulae to be operated on were ®rsttions as indicated in Table 2. All compounds were dissolved imme-
placed in a dish surrounded by ice water to slow their motion. Adiately before use. Ketanserin, clozapine, methysergide, methio-
sharpened tungsten needle was then drawn through the anteropost-thepin, and metoclopramide have binding speci®cities for different
erior axes of larvae on the bottom of the dish. The resulting anterior5-HT receptor types as indicated after each compound listed in
and posterior fragments were then placed in separate dishes. Frag-Table 2. For a review of 5-HT receptor classi®cation, see Martin
ments were treated immediately for 3 hr either with 1 mM 5-HTand Humphrey (1994). Planulae to be tested for their ability to
or with 0.058 M CsCl in seawater.metamorphose with a bio®lmed coverslip in the presence of seroto-
nergic antagonists were ®rst pretreated with the ®nal concentration
for 30 min prior to introduction of the stimulus. They were then
Recording of Calcium Transients in Cellstransferred to a 35 1 10-mm petri dish that contained a bio®lmed
coverslip and 3 ml of the same concentration of antagonist. After
Planulae of Phialidium contain a calcium-sensitive photoprotein
3 hr, the number of planulae that had attached to the coverslip or
that is present in all of their cells when they are competent to
to the surface of the petri dish was determined. The antagonist was
metamorphose (Freeman and Ridgway, 1987). Thus, increased cal-
removed and newly settled planulae were washed a minimum of
cium concentrations within cells of the planula can be recorded.
two times into PSW. Alternately, planulae were left in contact with
This has been used to show that there are transient in¯uxes of
the antagonist continuously for the duration of the experiment.
calcium from the seawater that occur during the induction of meta-
5,7-Dihydroxytryptamine treatment. 5,7-Dihydroxytrypta-
morphosis in Phialidium and Mitrocomella (Freeman and Ridgway,
mine has been shown to cause a decrease in the activity of trypto-
1987, 1990). Emission of light from planulae was recorded as de-
phan hydroxylase. This causes depletion of serotonin from cells
scribed by Freeman and Ridgway (1987). A single planula in a 1-
(Jacoby et al., 1974). Planulae were reared continuously for 3 days,
ml volume was placed in a 5-ml Pyrex beaker atop a photomulti-
beginning at the gastrula stage of development (ca. 12 hr), in serial
plier tube (PMT) housed in a recording chamber. The recording
dilutions of 5,7-DHT (1±100 mM). These solutions were replaced
chamber has been described by Ridgway et al. (1977). Output from
with freshly prepared 5,7-DHT at 12-hr intervals until planulae
the PMT was low-pass ®ltered (20-Hz single-pole R-C ®lter) and
were tested for their ability to metamorphose on a bio®lmed cov-
then passed to an electrometer (Keithley 610C, Keithley Instru-
erslip at 3 days of development; 5,7-DHT-treated planulae were
ments, Cleveland, OH). Output from the electrometer was recorded
also processed for immunohistochemistry to determine 5-HT im-
with a pen recorder (Gould Inc., Cleveland, OH). Planulae were
munoreactivity within planulae after the 5,7-DHT treatment. To
tested with 1 mM 5-HT, a fragment of a bio®lmed coverslip, and/
assay for metamorphosis, treated larvae were exposed to a bio®lmed
or calcium-free seawater (CFSW) to elicit light emission.
coverslip continuously for 24 hr at which time the number in each
dish that had begun to metamorphose was noted. Untreated larvae
from the same cohort, reared in PSW, were included to control for
Statistical Analysisthe ability of the bio®lmed substrate on the coverslip to induce
metamorphosis. The Fisher exact test was used to determine signi®cance of indi-
Phorbol esters. The phorbol esters phorbol 20-oxo 20-deoxy vidual experiments. For each experiment, the response to a particu-
12,13-dibutyrate (PODDB), phorbol 12,13-dibutyrate (PDB), phor- lar treatment was compared to the response of its appropriate con-
bol 12-myristate 13-acetate (PMA), and phorbol 12-myristate 13 trol group. Effectors were compared to negative control groups;
acetate 4-O-methyl ether (PMME; Sigma) were dissolved in ethanol inhibitors were compared to positive control groups. Multiple inde-
or DMSO to make stock solutions (100 mM). Ten-fold dilutions pendent experiments were pooled for signi®cance according to So-
were made in ethanol or DMSO and the ®nal working solution was kol and Rohlf (1981). P values given are the result of x2 evaluation
diluted 1:99 in PSW containing planulae. To control for develop- of n trials shown for each experiment.
mental effects of the solvents used, a dish of planulae in 1% EtOH
or DMSO was included in each experiment. The treatments were
for 3 hr at which time the test solutions were replaced with PSW
RESULTStwo times.
Protein kinase inhibitors. Protein kinase inhibitors (H-7, HA-
1004, RBI) were dissolved in PSW (10 mM stock solutions) and then Neurotransmitters Induce Metamorphosis
diluted to ®nal working concentrations (Tables 4 and 6). When
Neurotransmitters and neurotransmitter precursors wereplanulae were cotreated with both an inducer and an inhibitor,
they were ®rst pretreated with the ®nal concentration of inhibitor tested for their ability to induce metamorphosis in 3-day
for 30 min before cotreatment began. Treatment with the inhibitor planulae (Table 1). A 3-hr pulse treatment with dopamine,
(1±100 mM) was continuous over 24 hr with either a 3-hr treatment norepinephrine, and 5-HT induced metamorphosis after 24
in 5-HT (5 mM) or on a bio®lmed coverslip for the entire 24-hr hr at one or more of the concentrations tested (1, 0.1, and
period. 0.01 mM). Norepinephrine induced metamorphosis most
LWamide. A 10 mM stock solution of He-LWamide II
effectively at 1 mM (65%), while dopamine was most effec-(KPPGLW-NH2), kindly provided by T. Leitz (University of Heidel-
tive at 0.1 mM (67%). Initial experiments with 1 mM 5-HTberg), was made in 70% MetOH. Further dilutions were in PSW.
induced 58% metamorphosis (Table 1). To begin to studyExperiments with LWamide contained a dish of planulae treated
the role of neurotransmitters in hydrozoan metamorphosis,with a concentration of MetOH in PSW equal to the highest con-
centration employed in the LWamide treatments. I have chosen initially to focus on the role of 5-HT in this
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TABLE 2TABLE 1
Serotonin Inhibitors Tested for Their Ability to Interfere withNeurotransmitters Tested for Their Ability
to Induce Metamorphosis Metamorphosis Induced with a Bio®lmed Coverslip
Compound Receptor [mM ] # tested % met n PCompound [mM ] # tested % meta n P
Dopamine 1 52 5 Ketanserin 5-HT2A 100 26 0 3 ***
10 24 88 30.1 51 67 5 ****
0.01 48 33 5 * 1 15 80 2
Clozapine 5-HT1C 100 LethalNorepinephrine 1 37 65 4 ****
0.1 36 53 4 *** 10 30 100³ 3
1 30 100 30.01 45 60 5 ****
Serotonin (5-HT) 5 40 95 4 **** Metoclopramide 5-HT3 100 19 100 2
10 20 100 21 62 58 7 ****
0.1 63 38 7 ** 1 20 100 2
Methiothepin 5-HT1 1 Lethal0.01 64 14 7
L-DOPA 1 34 21 4 Methysergide 5-HT2/1C 100 Lethal
10 10 100 10.1 36 3 4
0.01 34 18 4 1 10 100 1
5,7-DHT 100 54 24 6 *
Note. # tested, total number of larvae treated; % meta, percentage 10 33 76 5
of larvae that metamorphosed in response to the treatment; n, num- 1 24 83 4
ber of independent experiments, each employing approximately 10 100/5
larvae. 5,7-DHT/5-HT mM 25 100³ 3 **
* P £ 0.05.
** P £ 0.01. Note. To determine the percentage metamorphosis (% met) for
each experiment, the number of larvae that metamorphosed were*** P £ 0.001.
**** P £ 0.0001. divided by the total number tested (# tested) out of n independent
experiments and pooled for signi®cance. ³indicates planulae that
settled on bio®lmed coverslips after the treatment period but did
not subsequently develop into polyps. Receptor column indicates
the antagonist speci®city.
process in Phialidium. In an attempt to increase the per- * P £ 0.01.
centage metamorphosis in response to 5-HT treatments, the ** P £ 0.001.
concentration was increased to 5 mM. In these subsequent *** P £ 0.0001.
experiments, 95% metamorphosis was observed (Table 1).
Other neurotransmitters and precursors tested at the
same concentrations that did not induce metamorphosis
included acetylcholine, g-amino butyric acid, epinephrine,
octopamine, and tyrosine (not shown). Each experiment
also included a dish of larvae induced to metamorphose
with 0.058 M CsCl applied for 3 hr, to control for the possi-
bility that the larvae were incapable of responding to neuro-
transmitters. These larvae all metamorphosed (not shown).
Planulae Contain 5-HT Immunopositive Cells
If 5-HT acts through the internal cascade of signals in-
volved in metamorphosis, its presence is to be expected
within cells of planulae at the time that they are competent
to metamorphose. Immunohistochemistry revealed a popu-
lation of cells in the ectoderm of 3-day planulae that were
immunopositive for 5-HT (Figs. 4a and 4b). Since planulae
contain relatively few cell types in the ectoderm (Fig. 2B),
the distribution of 5-HT immunopositive cells may provide
information concerning their identity. More cells per unitFIG. 4. (a) optical section of 3-day-old planula immunolabeled for
area were labeled in the anterior than in the posterior ecto-5-HT presence; (b) surface view of 3-day-old 5-HT immunolabeled
derm (Fig. 4a). The punctate distribution of labeled cellsplanula; (c) 5-HT immunolabeled 3-day-old planula following 3 days
(Fig. 4b), taken together with the greater amount of labelingcontinuous treatment in 0.1 mM 5,7-DHT. Planulae shown in b
and c were from a single cohort. Bar  100 mm; b and c same as a. in the anterior, suggests that gland cells and/or neurosen-
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TABLE 3 but had not yet begun to form a stalk (compare Figs. 3c and
Phorbol Ester Treatment of Planulae 3d). After 4 days, settled planulae in clozapine had still not
formed polyps but had only begun to form stalks (not
Phorbol ester [nM ] # tested % meta n P shown), while polyps had formed after 3 days when planulae
settled on bio®lmed coverslips in normal seawater (see Fig.PMA 100 Lethal
3b). Other serotonergic antagonists that did not have toxic10 100 99 5 ****
effects had no effect on the ability of planulae to settle or1 100 64 5 ****
0.1 66 35 4 ** develop into polyps (Table 2).
PDB 100 88 85 5 **** Accumulation of 5-HT was prevented in planulae by
10 91 74 5 **** treatment with the serotonergic neurotoxin 5,7-DHT. Lar-
1 89 10 5 vae reared in 5,7-DHT (100 mM) show similar behavioral
0.1 91 4 5 properties to planulae reared in PSW. They swim with a
PODDB 100 96 28 5 *** directional polarity and show no obvious morphological or
10 98 31 5 ***
behavioral differences from normal planulae reared in PSW.1 100 5 5
Larvae were tested for their ability to metamorphose on a0.1 100 14 5 *
natural bio®lmed substrate after continuous treatment inPMME 100 73 1 4
5,7-DHT (Table 2). Continuous treatment in 100 mM 5,7-10 80 0 4
1 80 1 4 DHT prevented larvae from undergoing metamorphosis.
0.1 80 4 4 Larvae remained motile while in the presence of the bio-
®lmed coverslip and contact with the bio®lm did not cause
* P £ 0.05. larvae to settle. However, lower concentrations tested (1
** P £ 0.01.
and 10 mM) did not signi®cantly inhibit metamorphosis. To*** P £ 0.001.
exclude the possibility that larvae treated with 5,7-DHT**** P £ 0.0001.
were inhibited from settling due to a toxic effect unrelated
to 5-HT inhibition, a dish of planulae continuously treated
with 5,7-DHT (100 mM) was exposed to 5 mM 5-HT. In all
cases, these planulae were able to settle onto the bottom ofsory cells may be 5-HT immunopositive, but this issue cur-
rently remains unresolved. the dish (Table 2). Larvae treated with 100 mM 5,7-DHT
were also tested for 5-HT immunoreactivity. Immuno¯uo-
rescence microscopy on forty 5,7-DHT-treated planulae
Serotonin Is Necessary for Metamorphosis to Occur from three experiments showed that 5-HT-speci®c staining
was lost after treatment (Fig. 4c). These results suggest thatPlanulae settled and metamorphosed when placed on a
glass coverslip that was kept in running seawater for 6 days. the presence of 5-HT is necessary to initiate the events of
metamorphosis.Larvae placed on the bio®lmed coverslip attached to it and
contracted into a round disk, usually within 30 min (Fig.
1c). If 5-HT signaling is a necessary step during bacterial-
Phorbol Esters Induce Metamorphosisinduced metamorphosis, then agents that interfere with the
binding of 5-HT to its target may inhibit settlement and To begin to order the action of 5-HT in the metamorphic
metamorphosis. Accordingly, serotonergic antagonists were signaling pathway, phorbol esters were tested for their abil-
tested for their in¯uence on bacterial-induced metamorpho- ity to effect metamorphosis. It was not previously known
sis. Ketanserin (100 mM) completely inhibited settlement if PKC activation is involved in metamorphosis in Phialid-
and metamorphosis of planulae placed on a bio®lmed cov- ium. The results shown in Table 3 indicate that PMA and
erslip for 3 hr, but lower concentrations did not prevent PDB effectively induced metamorphosis. High concentra-
larvae from undergoing metamorphosis (Table 2). When lar- tions of both phorbol esters appeared to be lethal (100 nM
vae were exposed to ketanserin, they continued moving
throughout the dish; thus, metamorphosis was not inhib-
ited by a lack in the ability of larvae to contact the bacterial
substrate. To control for possible deleterious effects of ket- TABLE 4
anserin, 10 larvae from the same cohort were pretreated in Effect of Kinase Inhibitors on Settlement Induced with a
100 mM ketanserin and then placed in normal seawater on Bio®lmed Coverslip
a bio®lmed coverslip. These planulae immediately attached
Compound [mM ] # tested % meta n Pto the coverslip and metamorphosed into polyps with a nor-
mal appearance (results not shown). Planulae induced to
H-7 100 20 0 2 *metamorphose with a bio®lmed coverslip while in the pres-
HA-1004 100 14 93 2
ence of 10 mM clozapine settled onto the coverslip but did 10 30 97 2
not develop into polyps (Table 2). Planulae that had settled
* P £ 0.0001.in 10 mM clozapine had spread out into a disk after 24 hr
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TABLE 6TABLE 5
Effect of H-7 on Settlement Induced with 5-HTEffect of Ketanserin on Response to Different Inducers
of Metamorphosis
Compound [mM ] # tested % meta n P
Treatment # tested % attach (meta) n P
H-7 100 55 2 4 *
10 27 81 3Bio®lm/Ket 100 mM 30 0 (0) 3
PMA 10 nM 33 100 (88) 3 1 27 85 3
PMA 10 nM 33 100 (9) 3 *
* P £ 0.0001.Ket 100 mM
LWamide 1 mM 20 100 (100) 1
LWamide 1 mM 20 100 (0) 1 *
Ket 100 mM
Serotonin and PKC ActivationCsCl 58 mM 10 100 (100) 1
CsCl 58 mM 10 0 (0) 1 *
Serotonin is necessary for metamorphosis to occur. ThisKet 100 mM
®nding and the above result indicate that 5-HT signaling
and PKC activation may function within a single pathway.Note. Numbers are pooled from n independent experiments. %
attach, the number of larvae that attached to the dish divided by To address this question, planulae were pretreated with the
the total number tested (# tested). The numbers in parentheses 5-HT antagonist ketanserin and then cotreated with PMA
indicate the percentages of larvae that subsequently metamor- and ketanserin. Following 3 hr PMA (10 nM)/24 hr ketan-
phosed into polyps. serin (100 mM) treatment, 100% had attached to the bottom
* P £ 0.0001. of the dish after 24 hr (Table 5). However, only 9% of the
settled planulae began to form polyps by 1 day after treat-
ment. PMA (10 nM) alone induced 88% metamorphosis (Ta-
ble 5). In an additional experiment, planulae were induced
PMA, 1 mM PDB). PMA (0.1±10 nM) effectively induced to metamorphose with 5-HT while in the presence of H-7
metamorphosis over levels seen in untreated controls, (Table 6). H-7 (100 mM) completely inhibited the ability of
while 100 nM was the most effective concentration of PDB. planulae to settle and metamorphose in 5 mM 5-HT. Taken
In addition to negative controls in PSW, the inactive phor- together, these results suggest that 5-HT signaling occurs
bol esters PODDB and PMME were used. PODDB (10 nM) before PKC activation in the signal transduction pathway
induced 31% metamorphosis, while PMME had no effect involved in the initiation of metamorphosis and that 5-HT
at any concentration. These experiments suggest that PKC signaling is necessary for polyp formation to occur.
activation plays a role during metamorphosis in Phialid-
ium, as has been demonstrated in other hydrozoans (MuÈ ller,
Serotonin and Calcium Transients1985; Leitz and MuÈ ller, 1987; Freeman and Ridgway, 1990).
Subsequent experiments employing phorbol esters utilized Since Ca2/ transients must occur for CsCl or a bacterial
the concentration of PMA (10 nM) that most effectively product to induce metamorphosis (Freeman and Ridgway,
induced metamorphosis. 1987), I have measured Ca2/ transients in planulae treated
with 5-HT to determine if these Ca2/ ¯uxes accompany 5-
HT-induced metamorphosis. Ca2/ transients induced with
1 mM 5-HT were recorded from 11 individual planulae (Ta-A Protein Kinase C Inhibitor Prevents
ble 7). Figure 5.1 shows the response of a single 3-day-oldMetamorphosis
planula to 1 mM 5-HT. Light levels were ®rst measured
while the planula was in PSW. Except for a single light spikeTo determine if PKC activation is a necessary condition
for normal metamorphosis to occur, planulae were induced
to metamorphose with a bio®lmed substrate in the presence
of a protein kinase inhibitor (Table 4). H-7, a kinase inhibi-
TABLE 7tor that acts speci®cally on PKA and PKC (Nishikawa et
Records of Calcium Flux Measured with Photomultiplieral., 1986), inhibited the ability of planulae to settle and
metamorphose when placed on a bio®lmed coverslip (Table Treatment # tested # Ca2/ ¯ux
4). While H-7 (100 mM) prevented larvae from metamorphos-
58 mM CsCl 5 5ing on the bio®lm, HA-1004 (10±100 mM) had no inhibitory
1 mM 5-HT 11 8effect (Table 4). HA-1004 has been shown to be a speci®c
Bio®lm 7 6inhibitor of cyclic nucleotide-dependent protein kinases
CFSW 4 0(Nishikawa et al., 1986). Thus, this result suggests that H-
1 mM 5-HT7 interferes with the activation of a PKC-mediated pathway
58 mM CsCl 2 0and also indicates that activation of this pathway is neces-
100 mM Ket
sary for metamorphosis to occur.
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FIG. 5. Measurement of Ca2/ transients in individual planulae. (1) 1 mM 5-HT treatment: (a, b) recording of a planula in PSW, (b) addition
of 5-HT (1 mM), (c) removal of planula; (2) bio®lmed glass coverslip treatment: (a, b) planula recording in PSW, (b, c) recording from a
bio®lmed coverslip, (c) planula was placed onto the coverslip, (d) removal from photomultiplier; (3) CsCl treatment: (a, b) recording of
planula in PSW, (b) addition of 0.58 M CsCl, (c) removal of planula from the photomultiplier; (4) 5-HT/CFSW treatment: (a, b) planula in
CFSW, (b, c) same planula placed in CFSW containing 1 mM 5-HT, (c, d) planula placed back into PSW and then (d) into 1 mM 5-HT, (e)
removal of planula from the photomultiplier; (5) CsCl/ketanserin treatment: (a, b) planula in 0.58 M CsCl and 100 mM ketanserin, (b)
CsCl/ketanserin was replaced with 0.58 M CsCl, (c) removal from photomultiplier. Vertical bars  0.06 mV, horizontal bars  4 min.
indicative of a solitary Ca2/ transient, the production of after 24 hr showed that the planula had begun to develop
into a polyp. When a planula was induced to metamorphoselight did not occur. When 1 mM 5-HT was introduced, Ca2/
transients began to occur after 7 min and continued for 4 with a fragment from a bio®lmed coverslip (Fig. 5.2), the
Ca2/ transients observed were similar in amplitude and du-min as indicated by the increase in amplitude and frequency
of spikes. Smaller Ca2/ transients were seen over the follow- ration to those seen when 5-HT was used (compare Figs.
5.1 and 5.2). This differed from the response to CsCl (Fig.ing 10 min. The planula was removed and observed after
29 min; it had attached to the bottom of the container and 5.3). When a planula was exposed to 58 mM CsCl, light
spikes were produced for 45 min, until the planula washad begun to spread out into a disk. Subsequent observation
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TABLE 8 that the LWamide might have in the serotonin-mediated
Metamorphic Response of Planulae to LWamide Treatment path, planulae were tested for their ability to respond to the
LWamide in the presence of ketanserin. Ketanserin (100
[mM ] # tested % meta n P mM) did not prevent planulae from attaching to the bottom
of the dish in response to treatment with 1 mM KPPGLW-5 75 100 4 **
NH2 (Table 5). Although settlement occurred, polyp forma-1 75 99 4 **
tion did not take place subsequent to settlement when plan-0.5 75 73 4 **
0.1 75 40 4 * ulae remained in the presence of 100 mM ketanserin.
0.05 70 16 4
0.01 75 11 4
Posterior Halves Do Not Respond to Serotonin
* P £ 0.001. Treatment
** P £ 0.0001.
To determine if serotonin acts only on the anterior region
of the planula or is able to effect metamorphosis in the
posterior as well, 30 planulae were cut into anterior and
posterior fragments. Twenty of these were treated with 1removed from the recording chamber. After 45 min the
mM 5-HT. Ten anterior and posterior fragments were alsoplanula had attached to the dish but had not yet contracted
treated with CsCl to demonstrate metamorphic compe-and spread into a disk, although after 24 hr it had begun to
tency. Posterior halves continued swimming in the anteriormetamorphose. To address the necessity for Ca2/ transients
direction but in no case were they ever observed to settleduring 5-HT-induced metamorphosis, Ca2/ transients were
onto the substratum. Anterior halves in both 5-HT andrecorded from individual planulae induced with 1 mM 5-
CsCl treatments settled onto the bottom of the dish (notHT in CFSW (Fig. 5.4; Table 7). As shown in Fig. 5.4, an
shown).18-min treatment resulted in no observable Ca2/ transients
and the planula had not begun to settle but remained motile.
After the planula was placed back into PSW for 13 min, it
DISCUSSIONwas returned to 1 mM 5-HT (Fig. 5.4). Five minutes after
addition of 5-HT, Ca2/ transients began and were observed
This study has shown that 5-HT is involved in the processfor 9 min after which time the frequency and amplitude of
of metamorphosis in P. gregarium and strongly suggestsCa2/ ¯uxes decreased. By 33 min after 5-HT addition the
that 5-HT signaling occurs prior to transient changes inplanula had settled onto the dish. Thus, treatment in the
intracellular Ca2/ levels, PKC activation, and LWamideCFSW did not irreversibly alter the ability of the planula to
function in the metamorphic pathway in Phialidium.respond to serotonin, but rather it suggests that the tran-
Based upon previous ®ndings regarding metamorphosissient in¯uxes of Ca2/ are necessary for 5-HT-mediated
in Phialidium (Freeman and Ridgway, 1987, 1990) and themetamorphosis to occur and that they take place subse-
results of this study, a model is proposed for the role ofquent to 5-HT signaling. In another experiment, individual
serotonin in signal transduction during the initiation ofplanulae were induced to metamorphose with 58 mM CsCl
metamorphosis (Fig. 6). When a planula contacts an appro-in the presence of 100 mM ketanserin and Ca2/ transients
priate bacterial stimulus, the bacterial product binds to cellsrecorded. Ketanserin prevented CsCl from inducing Ca2/
in the anterior that release 5-HT externally. Serotonin bind-transients (Fig. 5.5; Table 7). However, when the larva was
ing is coupled to the closing of ion channels in nearby epi-removed from the combined medium and then placed into
thelial cells and as a consequence, the resulting membrane58 mM CsCl, it began to undergo the transient in¯uxes of
depolarization causes the opening of voltage-gated Ca2/Ca2/ characteristic of normal planulae initiating metamor-
channels in the epithelial ectoderm. The increased intracel-phosis (Fig. 5.5). To determine if ketanserin prevented CsCl-
lular calcium concentration in these cells results in trans-induced metamorphosis, 10 planulae from the same cohort
location of PKC to the cell membrane where it becomesused in the previous experiment were treated with 58 mM
activated, perhaps by diacylglycerol produced through theCsCl in the presence of 100 mM ketanserin for 3 hr. In no
hydrolysis of phosphotidylinositol bis-phosphate. The acti-case had settlement or polyp formation begun to occur after
vation of PKC may be related to the function of LWamide24 hr (Table 5).
in subsequent morphogenesis of the polyp.
The response to 5-HT treatment occurs rapidly. Ca2/ tran-
Serotonin and LWamide Induction sients occur within 4±7 min of addition of 5-HT to seawater
of Metamorphosis and attachment and settlement into a ¯attened disk occur
within 30 min (Fig. 5.2). The lack of a response of posteriorThe LWamide KPPGLW-NH2 was tested for its ability to
effect metamorphosis. Concentrations of 1 mM or higher fragments to 5-HT treatment suggests its action on the ante-
rior of the planula. One interpretation of these results isinduced all larvae to undergo metamorphosis, while lower
concentrations (0.1±0.5 mM) induced metamorphosis sig- that 5-HT released from intracellular stores acts on a popu-
lation of cell surface receptors present only in the anteriorni®cantly but at lower levels (Table 8). To establish the role
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FIG. 6. Model for action of 5-HT during the initiation of metamorphosis in Phialidium. Upon contact with an appropriate external cue
(yellow), 5-HT (red) is released from internal stores into the extracellular environment. 5-HT binding at nearby cells closes K/ leak
channels (dark blue) resulting in membrane depolarization. Membrane depolarization triggers Ca2/ in¯ux through voltage-gated Ca2/
channels (green). Increased Ca2/ and membrane-bound diacylglycerol (DAG) activate protein kinase C (light blue) to trigger subsequent
metamorphic events.
of the larva (Fig. 6). This interpretation is also supported cently, ketanserin has been shown to interact directly with
K/ channels apart from binding to 5-HT2a receptors (Le-by data from Hydractinia echinata. Walther et al. (1996)
recently demonstrated immunoreactivity to 5-HT in the Grand et al., 1996). In Phialidium, ketanserin may keep K/
leak channels open to prevent depolarization from oc-anterior region of planulae in that species. Furthermore, a
serotonergic inhibitor also prevented metamorphosis. In a curring (Fig. 6).
Serotonin also appears to induce metamorphosis throughprevious study in Hydractinia, Schwoerer-BoÈhning et al.
(1990) demonstrated that posterior fragments would not a PKC-mediated step (Table 3; Fig. 6). The PKC-inhibitor H-
7 prevented 5-HT-induced metamorphosis, while the kinasemetamorphose in response to an arti®cial inducing stimu-
lus. Taken together, these ®ndings suggest that 5-HT signal- inhibitor HA-1004, speci®c for cAMP- and cGMP-dependent
kinases, had no effect on the ability of planulae to undergoing may be an important step in the initiation of metamor-
phosis in hydrozoans. Freeman and Ridgway (1987, 1990) metamorphosis. These observations indicate that 5-HT sig-
naling probably occurs within the same pathway as PKCdemonstrated the opening of voltage-dependent Ca2/ chan-
nels at metamorphosis in Phialidium. Results from the activity at metamorphosis and that it occurs prior to the
activation of PKC. The mechanism responsible for PKC acti-present study suggest that 5-HT signaling occurs prior to
opening of these Ca2/ channels and also suggest an interme- vation as a result of bacterial induction has yet to be ®rmly
established for a hydrozoan, although Schneider and Leitzdiate signaling event. One possibility, as shown in Fig. 6,
is that 5-HT blocks K/ leak channels to cause membrane (1994) have demonstrated translocation of PKC to the cyto-
plasmic membrane at metamorphosis in Hydractinia.depolarization, effecting the opening of the voltage-depen-
dent Ca2/ channels. This is further supported by the obser- This study has demonstrated that a synthetic LWamide
(KPPGLW-NH2) is able to induce metamorphosis in Phialid-vation that the 5-HT inhibitor ketanserin prevents Ca2/
transients that accompany both CsCl- and 5-HT-mediated ium (Table 8). It has also shown that 5-HT signaling may
occur prior to LWamide functioning in the metamorphicmetamorphosis (Fig. 5.2,3). Freeman and Ridgway (1990)
suggested that the ability of Cs/ ions to block K/ channels pathway (Table 5) and supports the hypothesis that LWam-
ide acts late in the cascade of signals that occur duringshould lead to membrane depolarization. In this study, I
have found that ketanserin prevents both a transient rise metamorphosis (Fig. 6). However, no experiments have been
done to determine where LWamide signaling occurs in Phi-in Ca2/ levels and the ability of planulae to settle and meta-
morphose when treated with either a bio®lm or CsCl. Re- alidium relative to the in¯ux of Ca2/ and PKC activation.
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Freeman, G. (1981b). The role of polarity in the development ofThe current results suggest that 5-HT also is involved in
the hydrozoan planula larva. Wilhelm Roux's Arch. 190, 168±the subsequent morphogenetic changes that occur after the
184.initial induction of metamorphosis. Clozapine did not pre-
Freeman, G., and Ridgway, E. B. (1987). Endogenous photoproteins,vent attachment of planulae to a bio®lmed coverslip (Table
calcium channels and calcium transients during metamorphosis2). Additionally, ketanserin did not inhibit attachment in-
in hydrozoans. Roux's Arch. Dev. Biol. 196, 30±50.
duced with phorbol esters or with an LWamide but in both Freeman, G., and Ridgway, E. B. (1990). Cellular and intracellular
cases later morphogenetic events did not take place (Table pathways mediating the metamorphic stimulus in hydrozoan
5). Serotonin has been shown previously to have morpho- planulae. Roux's Arch. Dev. Biol. 199, 63±79.
genetic effects during polyp formation in Hydractinia Gajewski, M., Leitz, T., Schlobherr, J., and Plickert, G. (1996).
(MuÈ ller et al., 1977). MuÈ ller and co-workers found that con- LWamides from Cnidaria constitute a novel family of neuropep-
tides with morphogenetic activity. Roux's Arch. Dev. Biol. 205,tinuous treatment of embryos with 5-HT for the ®rst 24 hr
232±242.following fertilization resulted in a reduction in tentacle
Hay-Schmidt, A. (1990). Catecholamine-containing, serotonin-like,number and an increase in the number of stolons that de-
and FMRF amide-like immunoreactive neurons and processes invelop at metamorphosis. This aboralization effect was also
the nervous system of the early actinitroch larva of Phoronisobserved when planulae had ®rst been reared in CsCl for
vancouverensis (Phoronida): Distribution and development. Can.24 hr after fertilization. MuÈ ller and his group (1977) sug- J. Zool. 68, 1525±1536.
gested that ions and transmitters might regulate the perme- Jacoby, J. H., Lytle, L. D., and Nelson, M. F. (1974). Long-term ef-
ability of epithelial cells, but a mechanism by which this fects of 5,7-dihydroxytryptamine on brain monoamines. Life Sci.
might occur was not proposed. 14, 909±919.
This is the only report to date of a possible endogenous Kolberg, K. J. S., and Martin, V. J. (1988). Morphological, cytochem-
inducing substance (5-HT) that is also shown to evoke the ical and neuropharmacological evidence for the presence of cate-
cholamines in hydrozoan planulae. Development 103, 249±258.early signal transduction events of metamorphosis. While
LeGrand, B., Talmant, J. M., Rieu, J. P., Patoiseau, J. F., Colpaert,catecholamines have been shown to induce metamorphosis
F. C., and John, G. W. (1996). Investigation of the mechanismin Halocordyle (Edwards et al., 1987; Kolberg and Martin,
by which ketanserin prolongs the duration of the cardiac action1988), their role in the metamorphic pathway has not been
potential. J. Cardiol. Pharmacol. 26, 803±809.analyzed. Serotonin signaling may be an important early
Leitz, T., and Klingmann, G. (1990). Metamorphosis in Hydrac-step in metamorphosis within hydrozoans. It will also be
tinia: Studies with activators and inhibitors aiming at protein
interesting to determine if dopamine and norepinephrine kinase C and potassium channels. Roux's Arch. Dev. Biol. 199,
function in the same pathway as 5-HT or if these neuro- 107±113.
transmitters act in a parallel metamorphic pathway in hy- Leitz, T., and Lay, M. (1995). Metamorphosin A is a neuropeptide.
drozoans. Roux's Arch. Dev. Biol. 204, 276±279.
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